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Abstract
Cell-based therapy has been explored for articular cartilage regeneration. Autologous chon-
drocyte implantation is a promising cell-based technique for repairing articular cartilage de-
fects. However, there are several issues such as chondrocyte de-differentiation. While
numerous studies have been designed to overcome some of these issues, only a few have
focused on the thermal environment that can affect chondrocyte metabolism and pheno-
type. In this study, the effects of different culture temperatures on human chondrocyte
metabolism- and phenotype-related gene expression were investigated in 2D and 3D envi-
ronments. Human chondrocytes were cultured in a monolayer or in a pellet culture system
at three different culture temperatures (32°C, 37°C, and 41°C) for 3 days. The results
showed that the total RNA level, normalized to the threshold cycle value of internal refer-
ence genes, was higher at lower temperatures in both culture systems. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and citrate synthase (CS), which are involved in gly-
colysis and the citric acid cycle, respectively, were expressed at similar levels at 32°C and
37°C in pellet cultures, but the levels were significantly lower at 41°C. Expression of the
chondrogenic markers, collagen type IIA1 (COL2A1) and aggrecan (ACAN), was higher at
37°C than at 32°C and 41°C in both culture systems. However, this phenomenon did not co-
incide with SRY (sex-determining region Y)-box 9 (SOX9), which is a fundamental transcrip-
tion factor for chondrogenesis, indicating that a SOX9-independent pathway might be
involved in this phenomenon. In conclusion, the expression of chondrocyte metabolism-
related genes at 32°C was maintained or enhanced compared to that at 37°C. However,
chondrogenesis-related genes were further induced at 37°C in both culture systems. There-
fore, manipulating the culture temperature may be an advantageous approach for regulating
human chondrocyte metabolic activity and chondrogenesis.
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Introduction
Hyaline articular cartilage covers the epiphyseal bone end and plays a role as a low-friction,
wear-resistant, and load-bearing material within a synovial joint. Cartilage is composed of
water, extracellular matrix (ECM), which is mainly composed of type II collagen and aggrecan,
and cartilage-specific cells called chondrocytes [1]. While chondrocytes play a vital role in
ECM anabolism and catabolism, articular cartilage displays a limited capacity for self-repair,
due to hypocellularity and hypovascularity [2,3]. Therefore, tissue engineering and cell-based
therapy have been explored for articular cartilage regeneration [4].
Autologous chondrocyte implantation (ACI) is a promising cell-based technique for repair-
ing articular cartilage defects [5]. However, there are several issues to overcome in order to
achieve plenary regeneration by ACI [4]. Chondrocyte de-differentiation is one of the issues. For
ACI, chondrocytes need to be isolated from a minor load-bearing area of the knee and cell ex-
pansion is required to obtain a sufficient amount of cells. When chondrocytes are isolated from
the ECM and cultured in monolayer conditions, the chondrogenic phenotype disappears during
de-differentiation and a fibroblastic phenotype appears [6,7]. De-differentiation occurs immedi-
ately in monolayer conditions [8,9]. Synthesis of type II collagen and aggrecan, which are specific
markers of articular chondrocytes, decreases and type I collagen synthesis increases [6,7]. Hya-
line cartilage ECM cannot be produced by these de-differentiated chondrocytes, and instead,
fibrocartilage-like ECM is formed [10]. The fibro-cartilage-like ECM cannot endure mechanical
and chemical stresses affecting an articular joint, which, ultimately, leads to degeneration [11].
Therefore, preventing chondrocyte de-differentiation and promoting re-differentiation are cru-
cial for the regeneration of the hyaline cartilage and are expected to improve clinical outcomes.
To maintain the articular chondrocyte-specific phenotype and to re-differentiate de-differenti-
ated chondrocytes, numerous investigations have been conducted. These studies revealed that mi-
croenvironment elements such as matrix scaffolds [12–14], growth factors [15–17], mechanical
stimuli [18–20], osmolality [21], and oxygen pressure [22–24] affect chondrocyte metabolism and
phenotype. In general, an in vivomimicking microenvironment such as a three-dimensional (3D)
or a hypoxic microenvironment allows the maintenance of the chondrocyte phenotype and the
ECM synthesis promotion [25]. However, only few studies focused on the thermal environment
[26–28], which is an important parameter for all cell types. The temperature within a human knee
joint is approximately 32°C, which is 4–5°C lower than the inner body temperature [29,30]. Thus,
chondrocytes may retain their phenotype when cultured at an in vivomimicking temperature.
Recently, we investigated the effects of culture temperatures on chondrocyte metabolism
using immature porcine chondrocytes [31,32]. We showed that temperature affects chondro-
cyte proliferation, specific gene expression, and ECM synthesis, and that a culture temperature
of 37°C would be an appropriate temperature to induce chondrogenesis. However, it also sug-
gested the possibility that differences in culture systems (two-dimensional [2D] or 3D) could
alter the effects of culture temperature. In addition, differences based on cell species and cell
maturity could also exist. Thus, to improve existing knowledge, the effects of culture tempera-
ture on mature human chondrocytes in 2D and 3D environments must be investigated. The
purpose of this study was to elucidate the effects of different culture temperatures on human
chondrocyte metabolism- and phenotype-related gene expression in 2D and 3D environments.
Materials and Methods
Ethical statement
The Ethics Committee of the Faculty of Medicine at Kyoto University approved the procedure
(approval no. 944), and written informed consent was obtained from the donor.
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Chondrocyte isolation
The experimental design is described in Fig 1. Human articular cartilage (International Carti-
lage Repair Society grade 0) was obtained from the femoral head of a 62-year-old woman. It
was extracted while performing a bipolar hip arthroplasty. Chondrocytes were aseptically iso-
lated as previously described [33]. The isolated cells were resuspended in culture medium (Dul-
becco’s modified Eagle medium/Ham’s F12 [DMEM/Ham’s F12; Nacalai Tesque Inc., Kyoto,
Japan] containing 10% fetal bovine serum [FBS; Hyclone, Logan, UT, USA], 50 U/mL penicil-
lin [Nacalai Tesque Inc.], and 50 μg/mL streptomycin [Nacalai Tesque Inc.]) and were seeded
in a 100-mm-diameter culture dish. Chondrocytes were expanded in a CO2 incubator (5%
CO2, 37°C, and 95% humidity) until the third passage to obtain an adequate quantity of cells.
Monolayer and pellet culture at three different temperatures
For monolayer culture, the expanded chondrocytes were trypsinized and sub-cultured at
1 × 104 cells/cm2 in culture medium into 24 culture dishes (35 mm diameter). For pellet cul-
tures, chondrocytes were trypsinized, washed with culture medium, and resuspended in chon-
drogenic medium (Lonza, Walkersville, MD, USA: chondrogenic basal medium, plus ITS
+ supplement, ascorbate, dexamethasone, L-glutamine, sodium pyruvate, proline, and GA-
1000) supplemented with 10 ng/mL of recombinant human transforming growth factor-beta 3
(R&D Systems Inc., Minneapolis, MN, USA). Aliquots of 2.5 × 105 cells in 500 μL of the chon-
drogenic medium in 24 15-mL-polypropylene conical tubes were centrifuged at 250 × g for 5
min to form a cell pellet. The monolayer culture cells and the pelleted cells were pre-cultured at
37°C for 3 days. After pre-culture, the dishes and the tubes were exposed to three distinct tem-
peratures for 3 additional days by transferring them into three distinct CO2 incubators set at
32°C, 37°C, and 41°C (8 dishes and tubes for each group). These culture temperatures were de-
fined as follows: 32°C, the physiological intra-articular temperature [29,30]; 37°C, the inner
body temperature, which is conventionally used; and 41°C, high temperature, the threshold
temperature for mammalian cell survival [34,35].
Total RNA extraction and real-time PCR
After 3 days of culture, chondrocytes were harvested to analyze gene expression. Total RNA
was extracted using the RNeasy Mini Kit following the manufacturer’s protocol (Qiagen Inc.,
Valencia, CA, USA) and purified by RNase-free DNase on-column incubation. The amount of
Fig 1. Experimental design.
doi:10.1371/journal.pone.0128082.g001
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the extracted total RNA was estimated by measuring the absorbance at 260 nm (A260). An A260
reading of 1.0 is corresponds to 40 μg/mL of RNA [36]. In addition, its purity was confirmed
by calculating the A260/A280 ratio (>2.0) for all samples using a NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific, Wilmington, DE, USA).
Reverse transcription was performed using the ReverTra Ace qPCR RT Kit (Toyobo,
Osaka, Japan), according to the manufacturer’s protocol. Total RNA (350 ng) was reverse-
transcribed for 15 min at 37°C to synthesize cDNA, followed by incubation at 98°C for 5 min
to deactivate the enzyme. Real-time PCR was performed using the Applied Biosystems7500
Real-Time PCR System (Life Technologies Corporation, Carlsbad, CA, USA). cDNA tem-
plates corresponding to 4.375 ng of total RNA were amplified using Power SYBR Green PCR
Master Mix (Life Technologies Corporation) in 25 μL reaction containing 1× Power SYBR
Green PCR Master Mix, 0.2 μM of each gene-specific primer, and deionized water. The mix-
ture was initially heated at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for
15 s and annealing and extension at 60°C for 60 s. Following amplification, melting curves
were obtained to ensure that a primer-dimers or non-specific products were eliminated or
minimized. The following target genes were examined: glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), citrate synthase (CS), beta-actin (ACTB), collagen type IIA1 (COL2A1), col-
lagen type IA1 (COL1A1), aggrecan (ACAN), and SRY (sex-determining region Y)-box 9
(SOX9). Ribosomal protein L13a (RPL13a) and tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein, zeta (YWHAZ) were used as internal reference genes.
Primer sequences are provided in Table 1.
The data obtained by real-time PCR were analyzed by the comparative threshold cycle
method. Briefly, the target gene quantity was normalized to that of RPL13a and YWHAZ,
which are known to be stable under different thermal environments [37]. The mean value of
the calibration sample (the cells cultured in monolayer at 32°C) was set to 1 and the values
Table 1. Primer sequences for real-time PCR.
Symbol Gene name Accession
number
Primer sequence (50-30) Amplicon size
(bp)
GAPDH Glyceraldehyde-3-phosphate dehydrogenase NM_002046 F-TCTCCTCTGACTTCAACAGCGAC 126
R-CCCTGTTGCTGTAGCCAAATTC
CS Citrate synthase NM_004077.2 F-TCTGGAACACACTCAACTCAGG 150
R-TGTACAGCTGAGCAACCAAC
ACTB Beta-actin NM_001101.2 F-GCCCTGAGGCACTCTTCCA 100
R-CGGATGTCCACGTCACACTTC
COL2A1 Collagen, type II, alpha 1 NM_001844 F-GGAATTCGGTGTGGACATAGG 92
R-ACTTGGGTCCTTTGGGTTTG
COL1A1 Collagen, type I, alpha 1 NM_000088 F-CAGAACGGCCTCAGGTACCA 83
R-CAGATCACGTCATCGCACAAC
ACAN Aggrecan NM_001135 F-GAATGGGAACCAGCCTATACC 98
R-TCTGTACTTTCCTCTGTTGCTG
SOX9 SRY (sex-determining region Y)-box 9 NM_000346 F-AGCGAACGCACATCAAGAC 110
R-GCTGTAGTGTGGGAGGTTGAA
RPL13a Ribosomal protein L13a NM_012423 F-AAGTACCAGGCAGTGACAG 100
R-CCTGTTTCCGTAGCCTCATG
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obtained for each of the other conditions were calculated relative to that of the calibration sam-
ple. Before using the comparative threshold cycle method for quantitation, we performed a
validation experiment and the absolute value of the slope of log input amount versus delta
threshold cycle was less than 0.1. To normalize the amount of total RNA, total RNA in each
sample was divided by the corresponding threshold cycles of the internal reference genes to
compensate for the difference in cell numbers.
Statistical analysis
The software JMP 11 (SAS Institute, Cary, NC, USA) was used for statistical analysis. The val-
ues are reported as means ± standard deviation (SD) for normalized total RNA quantification
and as median and interquartile range for the mRNA expression. Statistical significance was
determined using one-way analysis of variance with the Tukey-Kramer post-hoc multiple com-
parison test for normalized total RNA quantification and using the Steel-Dwass test for mRNA
expression analysis. Wilcoxon rank sum test was used for comparison between monolayer and
pellet culture systems. In all cases, P< 0.05 was considered significant.
Results
Normalized total RNA quantification
Total RNA normalized to the threshold cycles of the internal reference genes decreased in a
temperature-dependent manner. No significant difference was observed at 32°C and 37°C in
pellet cultures (Fig 2B; P = 0.1738).
mRNA expression analysis
To elucidate the effects of temperature on chondrocyte metabolism in monolayer and pellet
cultures, GAPDH, CS, and ACTBmRNA expression was evaluated. GAPDH was downregu-
lated in a temperature-dependent manner in monolayer cultures (Fig 3A). In pellet cultures at
32°C and 37°C, GAPDHmRNA expression was comparable to that of the monolayer culture at
32°C, but GAPDHmRNA expression was significantly lower at 41°C than that at 32°C and
37°C (P = 0.0027 in both cases). In both culture systems, CSmRNA expression was significant-
ly lower at 41°C when compared to that at 32°C (P = 0.0108 in monolayer; P = 0.0202 in pellet)
and 37°C (P = 0.0149 in monolayer and P = 0.0078 in pellet) (Fig 3B). Similar to GAPDH,
ACTBmRNA expression was downregulated in a temperature-dependent manner (Fig 3C).
When comparing monolayer and pellet cultures, CS and ACTBmRNA expression was signifi-
cantly lower in pellet cultures than in monolayer cultures (CS: P< 0.0001; ACTB: P< 0.0001),
while GAPDHmRNA expression was not different (P = 0.0779) (Fig 3A, 3B, and 3C).
To clarify the effects of temperature on the chondrocyte phenotype and ECM-related genes,
COL2A1, COL1A1, ACAN, and SOX9mRNA expression was investigated. In monolayer cul-
tures, COL2A1 was significantly higher at 37°C compared to that of the monolayer culture at
32°C (2.2-fold, P = 0.0089) and 41°C (3.1-fold, P = 0.0042) (Fig 4A). In pellet cultures, COL2A1
expression was significantly higher than that in the monolayer (P< 0.0001), retaining the ef-
fectiveness of the culture temperature of 37°C. In monolayer cultures, COL1A1 expression was
also slightly, but significantly, higher at 37°C compared to that at 32°C (1.4-fold, P = 0.0055)
and 41°C (1.4-fold, P = 0.0039) (Fig 4B). In pellet cultures, COL1A1 expression was higher
than in monolayer cultures (P = 0.0489). However, the difference between monolayer and pel-
let cultures for COL1A1 expression was considerably small compared to that for COL2A1.
There was no significant difference between 32°C and 37°C in pellet cultures (P = 0.5783).
ACAN showed a distinct trend when compared to other genes (Fig 4C). In pellet cultures,
Culture Temperatures and Systems Affect Chondrocyte mRNA
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ACAN expression was significantly lower than that in monolayer cultures (P< 0.0001), while
its expression was higher at 37°C when compared to that at 32°C and 41°C, especially in pellet
cultures (P = 0.0476 and 0.0027, respectively). SOX9 was significantly enhanced at higher tem-
perature (1.4-fold at 37°C, P = 0.0108 and 1.9-fold at 41°C, P = 0.0027 compared with that at
32°C, respectively) in monolayer cultures (Fig 4D). SOX9 expression in pellet cultures was
strongly enhanced in comparison with that in monolayer cultures (P< 0.0001), and its expres-
sion at 37°C and 41°C was higher than that at 32°C (P = 0.0027 for both).
Discussion
In the current study, we elucidated the effects of different culture temperatures on chondrocyte
metabolism- and phenotype-related gene expression in monolayer and pellet culture systems.
Fig 2. Normalized total RNA.Normalized total RNA at three different culture temperatures was estimated in
monolayer (A) and pellet (B) culture systems. Values are expressed as the mean ± standard deviation. n = 8
dishes or pellets/group. Significantly different values (P < 0.05) are written in bold.
doi:10.1371/journal.pone.0128082.g002
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To the best of our knowledge, this is the first report investigating differences in human chon-
drocyte mRNA expression at different culture temperatures in 2D and 3D environments. Here,
we provide evidence suggesting that the expression of cellular respiration-related genes is
maintained or enhanced at 32°C compared to that at 37°C and 41°C. However, the expression
of chondrogenesis-related genes was further induced at 37°C than at 32°C and 41°C in both
monolayer and pellet culture systems.
Effects of culture temperature and culture system on chondrocyte
metabolism
In general, cells are cultured at 37°C in vitro to mimic the inner body temperature from which
they originate. However, chondrocytes within the knee joint are chronically exposed to a lower
temperature of approximately 32°C [29,30]. It is well-known that lowering culture temperature
induces an immediate reduction in growth rate and metabolism such as reduction of glucose
consumption, lactate production, and oxygen uptake [38,39]. The growth rate reduction is
caused by a cell cycle arrest in the G0/G1 phase [40]. On the other hand, low culture tempera-
ture is also known to enhance the specific productivity of Chinese hamster ovary cells express-
ing erythropoietin, and glucose consumption and lactate production rates were elevated at
30°C [41]. Thus, these effects are dependent on cell types and target proteins. However, only
few studies focused on chondrocytes cultured at 32°C, in vitro, to mimic the intra-articular
temperature from which they originate. Only one study, reported by Kocaoglu et al. [27],
showed that, in porcine osteochondral explants, the mRNA expression of the metabolism-re-
lated genes, ACTB, GAPDH, and hypoxia-inducible transcription factor 1 alpha, was higher
when the explants were cultured at 32°C than at other temperatures. In the current study, we
performed total RNA quantification in order to estimate human chondrocytes metabolic activity.
Our results showed that normalized total RNA was higher at lower temperatures in both mono-
layer and pellet culture systems (Fig 2A and 2B). These results are in agreement with the study
by Kocaoglu et al. [27] and indicate that the culture temperature of 32°C is probably suitable for
human chondrocyte metabolism. The difference in normalized total RNA between the monolay-
er and pellet culture system was thought to be attributed to the amount of polysaccharides, such
Fig 3. Chondrocyte metabolism-related gene expression.GAPDH (A),CS (B), and ACTB (C) relative mRNA expression was measured at three different
culture temperatures in monolayer and pellet culture systems. Values are expressed as median and interquartile range. n = 8 dishes or pellets/group.
Significantly different values (P < 0.05) are written in bold.
doi:10.1371/journal.pone.0128082.g003
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Fig 4. Chondrocyte phenotype and extracellular matrix-related gene expression.COL2A1 (A), COL1A1 (B), ACAN (C), and SOX9 (D) relative mRNA
expression was measured at three different culture temperatures in monolayer and pellet culture systems. Values are expressed as median and interquartile
range. n = 8 dishes or pellets/group. Significantly different values (P < 0.05) are written in bold.
doi:10.1371/journal.pone.0128082.g004
Culture Temperatures and Systems Affect Chondrocyte mRNA
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as proteoglycan, which influences the efficacy of total RNA extraction [42]. Thus, a direct com-
parison would be inadequate.
To further understand the influence of temperature on metabolism, cellular respiration lev-
els were estimated by analyzing the expression of the glycolysis and citric acid cycle (Krebs
cycle)-related genes GAPDH and CS, respectively. GAPDH encodes a member of the glyceral-
dehyde-3-phosphate dehydrogenase protein family. This enzyme is mainly involved in glucose
breakdown by catalyzing the sixth step of glycolysis. However, it is also involved in a number
of diverse non-glycolytic cellular processes such as apoptosis, neuronal disorders, viral patho-
genesis, and endocytosis [43]. The enzyme encoded by CS catalyzes the condensation of oxalo-
acetate and acetyl coenzyme A to form citrate in the initial step of the citric acid cycle. It has
been extensively used as a metabolic marker in assessing oxidative and respiratory capacity
[44]. Our results showed that GAPDH was higher at lower temperatures in monolayer cultures.
Similar levels were observed at 32°C and 37°C in pellet cultures, while it was significantly re-
pressed at 41°C (Fig 3A). CS levels were similar at 32°C and 37°C in both culture systems,
while it was significantly repressed at 41°C (Fig 3B). Thus, physiological temperatures (32–
37°C) may not influence GAPDH and CS expression in pellet culture, but a high temperature
(41°C) may induce adverse effects on cellular respiration. When comparing culture systems,
CS was lower in pellet than in monolayer cultures. This result could be attributed to oxygen
tension, which can reach zero in the central region in pellet cultures [45]. Taken together, our
results indicate that cellular respiration-related genes were active even if chondrocytes were
cultured at a low temperature (32°C), corresponding to the temperature of the human knee
joint from which chondrocytes originate.
ACTB encodes one of the six different actin proteins, which are components of the cytoskel-
etal microfilaments. The actin microfilaments are involved in many fundamental cellular
events, including alteration of cell shape, movement of organelles, cell migration, and ECM as-
sembly [46]. Our results showed that ACTB was lower at higher temperatures in both culture
systems. It has been reported that de-differentiation is mediated by actin polymerization and
stress fiber formation [47,48]. However, the involvement of actin microfilaments in de-differ-
entiation remains controversial. Idowu et al. [49] revealed that actin microfilaments within
chondrocytes in agarose were polymerized and organized into a complete cortical network.
This actin microfilament organization was similar to that of the in situ chondrocytes within the
cartilage. Therefore, they do not support the hypothesis that phenotypic modulation, which oc-
curs when chondrocytes are cultured in monolayers, is mediated by actin polymerization per
se. We speculate that the formation of actin microfilament bundles such as stress fibers, not the
actin microfilament cortical network, may be involve in the de-differentiation. Thus, an impor-
tant determinant of the phenotype maybe the distributional property of actin microfilaments
rather than its amount. ACTB expression level did not appear to be correlated with chondro-
genesis-related gene expression levels, demonstrating, at least in part, our speculation. Our re-
sults also showed that higher ACTB levels were expressed at 32°C in both culture systems,
which is consistent with Kocaoglu et al. results [27]. This trend was similar to that of normal-
ized total RNA. This tendency is most likely related to the fact that actin is one of the most
abundant proteins in eukaryotes. When comparing the two culture systems, ACTB was lower
in pellet than in monolayer cultures. Application of prolonged mechanical compression such
as static compression results in the loss of the uniform cortical distribution of the actin micro-
filament networks [50]. In pellet cultures, cells were centrifuged and cultured in a high-density
environment. Those external mechanical stimuli are thought to downregulate ACTB expres-
sion in the pellet culture system. ACTB and GAPDH are frequently used for PCR analyses as
internal reference control genes. Indeed, the expression of these genes is not altered between
33°C and 37°C in Chinese hamster ovary cells [51]. However, our results strongly indicate that
Culture Temperatures and Systems Affect Chondrocyte mRNA
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these genes should not be used in different culture systems and at different temperatures in
human chondrocytes since their expression is significantly altered by culture temperature and
systems. Similar cautions should also be taken in hypoxic conditions [25].
Effects of culture temperature and system on chondrogenesis related
gene expression
The chondrogenic markers, COL2A1 and ACAN, were higher at 37°C than at 32°C and 41°C in
both culture systems and more prominent in the pellet culture system (Fig 4A and 4C). These
results indicate that the culture temperature of 37°C may promote chondrogenesis better than
32°C and 41°C although the de-differentiation marker, COL1A1, was also slightly higher at
37°C in the monolayer culture system (Fig 4B). SOX9 is a transcription factor that plays a key
role in chondrogenesis and skeletogenesis [52,53]. SOX9 has been shown to directly regulate
the expression of COL2A1 and ACAN through enhancing their promoter/enhancer activity
[54,55]. However, in our study, the alteration of COL2A1 and ACAN expression by culture
temperatures did not coincide with that of SOX9 (Fig 4A, 4C, and 4D). It has been reported
that chondrogenesis is mediated by SOX9-independent pathways [56]. These SOX9-indepen-
dent pathways might also be involved in this study. In comparison with the monolayer culture
system, COL2A1 and SOX9 were dramatically enhanced in the pellet culture system (Fig 4A
and 4D). These results are consistent with those of previous reports [57,58]. However, in the
pellet culture system, ACAN was notably suppressed compared to the monolayer culture sys-
tem (Fig 4C). These results are inconsistent with those of previous reports [8,9,25,58,59]. How-
ever, some studies showed that, when chondrocytes are cultured in the pellet culture system in
hypoxic conditions, ACAN expression was enhanced compared to that in the monolayer cul-
ture system. However, when chondrocytes were cultured in the pellet culture system in nor-
moxic conditions, ACAN expression was repressed compared to that in the monolayer culture
system [60–62]. Thus, the difference in oxygen tension might be related to ACAN repression in
this study. Another possibility is that ACAN would be regulated by surrounding aggrecan de-
position as a negative feedback. Higher aggrecan deposition in the pellet might negatively regu-
lated ACAN. To elucidate this possibility, further investigations are needed.
We previously investigated the effects of culture temperature on the chondrocyte phenotype
using immature porcine chondrocytes and revealed that COL2A1 was significantly enhanced at
41°C when compared to 37°C in monolayer [32] and pellet culture systems [31]. In contrast,
this study using mature human chondrocytes showed that COL2A1 expression was significant-
ly repressed at 41°C in both systems, indicating the existence of differences in response to cul-
ture temperatures between immature porcine chondrocytes and mature human chondrocytes.
Our study has few limitations. First, our results assessing the metabolic changes and chon-
drogenic phenotype were obtained by measuring mRNA levels, not protein or activity levels.
Since mRNA expression level does not always correlate with protein synthesis level [59], we
should also confirm the effects of culture temperature on protein levels. Secondly, detailed sig-
naling cascades involved in the effect of culture temperature and system on chondrocyte me-
tabolism and phenotype remain unclear, although our results indicate that SOX9-independent
pathway might be involved. Finally, we only analyzed cells obtained from one individual.
Therefore, in order to generalize our findings, larger studies are warranted in the future.
Conclusions
We elucidated the effects of different culture temperatures on human chondrocyte metabolism
and phenotype in 2D and 3D culture systems by assessing mRNA expression. Our results
indicate that chondrocyte metabolism, estimated by the amount of total RNA and cellular
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respiration-related gene expression, was maintained or enhanced at 32°C compared to that at
37°C in both monolayer and pellet culture systems. On the other hand, the expression of chon-
drogenic phenotype-related genes was higher at 37°C compared to that at 32°C. Furthermore,
an adverse effect was observed at 41°C. Therefore, manipulating the temperature may be an ad-
vantageous approach for regulating chondrocyte metabolic activity and chondrogenesis in
human chondrocytes.
Author Contributions
Conceived and designed the experiments: AI TA HK. Performed the experiments: AI. Analyzed
the data: AI MN JT SY HI XZ TA HK. Contributed reagents/materials/analysis tools: AI TA
HK.Wrote the paper: AI MN JT SY HI XZ. Contributed ideas, comments, and editing: TA HK.
References
1. Mow VC, Ratcliffe A, Poole AR. Cartilage and diarthrodial joints as paradigms for hierarchical materials
and structures. Biomaterials. 1992; 13:67–97. PMID: 1550898
2. Mankin HJ. The response of articular cartilage to mechanical injury. J Bone Joint Surg Am. 1982;
64:460–466. PMID: 6174527
3. Kim HK, Moran ME, Salter RB. The potential for regeneration of articular cartilage in defects created by
chondral shaving and subchondral abrasion. An experimental investigation in rabbits. J Bone Joint
Surg Am. 1991; 73:1301–1315. PMID: 1918112
4. Roelofs AJ, Rocke JP, De Bari C. Cell-based approaches to joint surface repair: a research perspec-
tive. Osteoarthritis Cartilage. 2013; 21:892–900. doi: 10.1016/j.joca.2013.04.008 PMID: 23598176
5. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L. Treatment of deep cartilage de-
fects in the knee with autologous chondrocyte transplantation. N Engl J Med. 1994; 331:889–895.
PMID: 8078550
6. von der Mark K, Gauss V, von der Mark H, Muller P. Relationship between cell shape and type of colla-
gen synthesised as chondrocytes lose their cartilage phenotype in culture. Nature. 1977; 267:531–532.
PMID: 559947
7. Schnabel M, Marlovits S, Eckhoff G, Fichtel I, Gotzen L, Vecsei V, et al. Dedifferentiation-associated
changes in morphology and gene expression in primary human articular chondrocytes in cell culture.
Osteoarthritis Cartilage. 2002; 10:62–70. PMID: 11795984
8. Murphy CL, Polak JM. Control of human articular chondrocyte differentiation by reduced oxygen ten-
sion. J Cell Physiol. 2004; 199:451–459. PMID: 15095292
9. Ono Y, Sakai T, Hiraiwa H, Hamada T, Omachi T, NakashimaM, et al. Chondrogenic capacity and al-
terations in hyaluronan synthesis of cultured human osteoarthritic chondrocytes. Biochem Biophys Res
Commun. 2013; 435:733–739. doi: 10.1016/j.bbrc.2013.05.052 PMID: 23702485
10. Roberts S, Menage J, Sandell LJ, Evans EH, Richardson JB. Immunohistochemical study of collagen
types I and II and procollagen IIA in human cartilage repair tissue following autologous chondrocyte im-
plantation. Knee. 2009; 16:398–404. doi: 10.1016/j.knee.2009.02.004 PMID: 19269183
11. Peterson L, Minas T, Brittberg M, Nilsson A, Sjogren-Jansson E, Lindahl A. Two- to 9-year outcome
after autologous chondrocyte transplantation of the knee. Clin Orthop Relat Res. 2000:212–234. PMID:
11127658
12. Mouw JK, Case ND, Guldberg RE, Plaas AH, Levenston ME. Variations in matrix composition and
GAG fine structure among scaffolds for cartilage tissue engineering. Osteoarthritis Cartilage. 2005;
13:828–836. PMID: 16006153
13. Zheng MH, Willers C, Kirilak L, Yates P, Xu J, Wood D, et al. Matrix-induced autologous chondrocyte
implantation (MACI): biological and histological assessment. Tissue Eng. 2007; 13:737–746. PMID:
17371156
14. Gigante A, Manzotti S, Bevilacqua C, Orciani M, Di Primio R, Mattioli-Belmonte M. Adult mesenchymal
stem cells for bone and cartilage engineering: effect of scaffold materials. Eur J Histochem. 2008;
52:169–174. PMID: 18840557
15. Lee CH, Cook JL, Mendelson A, Moioli EK, Yao H, Mao JJ. Regeneration of the articular surface of the
rabbit synovial joint by cell homing: a proof of concept study. Lancet. 2010; 376:440–448. doi: 10.1016/
S0140-6736(10)60668-X PMID: 20692530
Culture Temperatures and Systems Affect Chondrocyte mRNA
PLOSONE | DOI:10.1371/journal.pone.0128082 May 26, 2015 11 / 14
16. Fortier LA, Barker JU, Strauss EJ, McCarrel TM, Cole BJ. The role of growth factors in cartilage repair.
Clin Orthop Relat Res. 2011; 469:2706–2715. doi: 10.1007/s11999-011-1857-3 PMID: 21403984
17. Freyria AM, Mallein-Gerin F. Chondrocytes or adult stem cells for cartilage repair: the indisputable role
of growth factors. Injury. 2012; 43:259–265. doi: 10.1016/j.injury.2011.05.035 PMID: 21696723
18. Lee CR, Grodzinsky AJ, Spector M. Biosynthetic response of passaged chondrocytes in a type II colla-
gen scaffold to mechanical compression. J Biomed Mater Res A. 2003; 64:560–569. PMID: 12579571
19. Elder SH, Sanders SW, McCulley WR, Marr ML, Shim JW, Hasty KA. Chondrocyte response to cyclic
hydrostatic pressure in alginate versus pellet culture. J Orthop Res. 2006; 24:740–747. PMID:
16514654
20. Jeon JE, Schrobback K, Hutmacher DW, Klein TJ. Dynamic compression improves biosynthesis of
human zonal chondrocytes from osteoarthritis patients. Osteoarthritis Cartilage. 2012; 20:906–915.
doi: 10.1016/j.joca.2012.04.019 PMID: 22548797
21. Ylarinne JH, Qu C, Lammi MJ. Hypertonic conditions enhance cartilage formation in scaffold-free pri-
mary chondrocyte cultures. Cell Tissue Res. 2014; 358:541–550. doi: 10.1007/s00441-014-1970-1
PMID: 25107609
22. DommC, Schunke M, Christesen K, Kurz B. Redifferentiation of dedifferentiated bovine articular chon-
drocytes in alginate culture under low oxygen tension. Osteoarthritis Cartilage. 2002; 10:13–22. PMID:
11795979
23. Buckley CT, Vinardell T, Kelly DJ. Oxygen tension differentially regulates the functional properties of
cartilaginous tissues engineered from infrapatellar fat pad derived MSCs and articular chondrocytes.
Osteoarthritis Cartilage. 2010; 18:1345–1354. doi: 10.1016/j.joca.2010.07.004 PMID: 20650328
24. Makris EA, Hu JC, Athanasiou KA. Hypoxia-induced collagen crosslinking as a mechanism for enhanc-
ing mechanical properties of engineered articular cartilage. Osteoarthritis Cartilage. 2013; 21:634–641.
doi: 10.1016/j.joca.2013.01.007 PMID: 23353112
25. Foldager CB, Nielsen AB, Munir S, Ulrich-Vinther M, Soballe K, Bunger C, et al. Combined 3D and hyp-
oxic culture improves cartilage-specific gene expression in human chondrocytes. Acta Orthop. 2011;
82:234–240. doi: 10.3109/17453674.2011.566135 PMID: 21434761
26. Hojo T, Fujioka M, Otsuka G, Inoue S, Kim U, Kubo T. Effect of heat stimulation on viability and proteo-
glycan metabolism of cultured chondrocytes: preliminary report. J Orthop Sci. 2003; 8:396–399. PMID:
12768484
27. Kocaoglu B, Martin J, Wolf B, Karahan M, Amendola A. The effect of irrigation solution at different tem-
peratures on articular cartilage metabolism. Arthroscopy. 2011; 27:526–531. doi: 10.1016/j.arthro.
2010.10.019 PMID: 21444011
28. Chen J, Li C, Wang S. Periodic heat shock accelerated the chondrogenic differentiation of humanmes-
enchymal stem cells in pellet culture. PLoS One. 2014; 9:e91561. doi: 10.1371/journal.pone.0091561
PMID: 24632670
29. Oosterveld FG, Rasker JJ. Treating arthritis with locally applied heat or cold. Semin Arthritis Rheum.
1994; 24:82–90. PMID: 7839157
30. Sanchez-Inchausti G, Vaquero-Martin J, Vidal-Fernandez C. Effect of arthroscopy and continuous
cryotherapy on the intra-articular temperature of the knee. Arthroscopy. 2005; 21:552–556. PMID:
15891720
31. Ito A, Aoyama T, Iijima H, Nagai M, Yamaguchi S, Tajino J, et al. Optimum temperature for extracellular
matrix production by articular chondrocytes. Int J Hyperthermia. 2014; 30:96–101. doi: 10.3109/
02656736.2014.880857 PMID: 24499154
32. Ito A, Aoyama T, Tajino J, Nagai M, Yamaguchi S, Iijima H et al. Effects of the thermal environment on
articular chondrocyte metabolism: a fundamental study to facilitate establishment of an effective ther-
motherapy for osteoarthritis. J Jpn Phys Ther Assoc. 2014; 17:14–21. doi: 10.1298/jjpta.17.14 PMID:
25792904
33. Ito A, Aoyama T, Yamaguchi S, Zhang X, Akiyama H, Kuroki H. Low-intensity pulsed ultrasound inhibits
messenger RNA expression of matrix metalloproteinase-13 induced by interleukin-1beta in chondro-
cytes in an intensity-dependent manner. Ultrasound Med Biol. 2012; 38:1726–1733. doi: 10.1016/j.
ultrasmedbio.2012.06.005 PMID: 22920551
34. DeweyWC, Hopwood LE, Sapareto SA, Gerweck LE. Cellular responses to combinations of hyperther-
mia and radiation. Radiology. 1977; 123:463–474. PMID: 322205
35. Wheatley DN, Kerr C, Gregory DW. Heat-induced damage to HeLa-S3 cells: correlation of viability, per-
meability, osmosensitivity, phase-contrast light-, scanning electron- and transmission electron-micro-
scopical findings. Int J Hyperthermia. 1989; 5:145–162. PMID: 2926182
36. Gallagher S. Quantitation of nucleic acids with absorption spectroscopy. Curr Protoc Protein Sci. 2001;
Appendix 4:Appendix 4K. doi: 10.1002/0471140864.psa04ks13 PMID: 18429085
Culture Temperatures and Systems Affect Chondrocyte mRNA
PLOSONE | DOI:10.1371/journal.pone.0128082 May 26, 2015 12 / 14
37. Ito A, Aoyama T, Tajino J, Nagai M, Yamaguchi S, Iijima H, et al. Evaluation of reference genes for
human chondrocytes cultured in several different thermal environments. Int J Hyperthermia. 2014;
30:210–216. doi: 10.3109/02656736.2014.906048 PMID: 24773042
38. Chuppa S, Tsai YS, Yoon S, Shackleford S, Rozales C, Bhat R, et al. Fermentor temperature as a tool
for control of high-density perfusion cultures of mammalian cells. Biotechnol Bioeng. 1997; 55:328–
338. PMID: 18636491
39. Moore A, Mercer J, Dutina G, Donahue CJ, Bauer KD, Mather JP, et al. Effects of temperature shift on
cell cycle, apoptosis and nucleotide pools in CHO cell batch cultues. Cytotechnology. 1997; 23:47–54.
doi: 10.1023/A:1007919921991 PMID: 22358520
40. Hendrick V, Winnepenninckx P, Abdelkafi C, Vandeputte O, Cherlet M, Marique T, et al. Increased pro-
ductivity of recombinant tissular plasminogen activator (t-PA) by butyrate and shift of temperature: a
cell cycle phases analysis. Cytotechnology. 2001; 36:71–83. doi: 10.1023/A:1014088919546 PMID:
19003317
41. Yoon SK, Song JY, Lee GM. Effect of low culture temperature on specific productivity, transcription
level, and heterogeneity of erythropoietin in Chinese hamster ovary cells. Biotechnol Bioeng. 2003;
82:289–298. PMID: 12599255
42. Wang L, Stegemann JP. Extraction of high quality RNA from polysaccharide matrices using cetyltri-
methylammonium bromide. Biomaterials. 2010; 31:1612–1618. doi: 10.1016/j.biomaterials.2009.11.
024 PMID: 19962190
43. Sirover MA. New insights into an old protein: the functional diversity of mammalian glyceraldehyde-3-
phosphate dehydrogenase. Biochim Biophys Acta. 1999; 1432:159–184. PMID: 10407139
44. Siu PM, Donley DA, Bryner RW, Alway SE. Citrate synthase expression and enzyme activity after en-
durance training in cardiac and skeletal muscles. J Appl Physiol (1985). 2003; 94:555–560.
45. Li S, Oreffo RO, Sengers BG, Tare RS. The effect of oxygen tension on human articular chondrocyte
matrix synthesis: integration of experimental and computational approaches. Biotechnol Bioeng. 2014;
111:1876–1885. doi: 10.1002/bit.25241 PMID: 24668194
46. Blain EJ. Involvement of the cytoskeletal elements in articular cartilage homeostasis and pathology. Int
J Exp Pathol. 2009; 90:1–15. doi: 10.1111/j.1365-2613.2008.00625.x PMID: 19200246
47. Benya PD, Brown PD, Padilla SR. Microfilament modification by dihydrocytochalasin B causes retinoic
acid-modulated chondrocytes to reexpress the differentiated collagen phenotype without a change in
shape. J Cell Biol. 1988; 106:161–170. PMID: 3276711
48. Mallein-Gerin F, Garrone R, van der Rest M. Proteoglycan and collagen synthesis are correlated with
actin organization in dedifferentiating chondrocytes. Eur J Cell Biol. 1991; 56:364–373. PMID: 1802719
49. Idowu BD, Knight MM, Bader DL, Lee DA. Confocal analysis of cytoskeletal organisation within isolated
chondrocyte sub-populations cultured in agarose. Histochem J. 2000; 32:165–174. PMID: 10841311
50. Parkkinen JJ, Lammi MJ, Inkinen R, Jortikka M, Tammi M, Virtanen I, et al. Influence of short-term hy-
drostatic pressure on organization of stress fibers in cultured chondrocytes. J Orthop Res. 1995;
13:495–502. PMID: 7545746
51. Baik JY, Lee MS, An SR, Yoon SK, Joo EJ, Kim YH, et al. Initial transcriptome and proteome analyses
of low culture temperature-induced expression in CHO cells producing erythropoietin. Biotechnol
Bioeng. 2006; 93:361–371. PMID: 16187333
52. Bi W, Deng JM, Zhang Z, Behringer RR, de Crombrugghe B. Sox9 is required for cartilage formation.
Nat Genet. 1999; 22:85–89. PMID: 10319868
53. Akiyama H, Chaboissier MC, Martin JF, Schedl A, de Crombrugghe B. The transcription factor Sox9
has essential roles in successive steps of the chondrocyte differentiation pathway and is required for
expression of Sox5 and Sox6. Genes Dev. 2002; 16:2813–2828. PMID: 12414734
54. Bell DM, Leung KK, Wheatley SC, Ng LJ, Zhou S, Ling KW, et al. SOX9 directly regulates the type-II
collagen gene. Nat Genet. 1997; 16:174–178. PMID: 9171829
55. Sekiya I, Tsuji K, Koopman P, Watanabe H, Yamada Y, Shinomiya K, et al. SOX9 enhances aggrecan
gene promoter/enhancer activity and is up-regulated by retinoic acid in a cartilage-derived cell line,
TC6. J Biol Chem. 2000; 275:10738–10744. PMID: 10753864
56. Lafont JE, Talma S, Hopfgarten C, Murphy CL. Hypoxia promotes the differentiated human articular
chondrocyte phenotype through SOX9-dependent and-independent pathways. J Biol Chem. 2008;
283:4778–4786. PMID: 18077449
57. Bernstein P, Dong M, Corbeil D, Gelinsky M, Gunther KP, Fickert S. Pellet culture elicits superior chon-
drogenic redifferentiation than alginate-based systems. Biotechnol Prog. 2009; 25:1146–1152. doi: 10.
1002/btpr.186 PMID: 19572391
Culture Temperatures and Systems Affect Chondrocyte mRNA
PLOSONE | DOI:10.1371/journal.pone.0128082 May 26, 2015 13 / 14
58. Dehne T, Karlsson C, Ringe J, Sittinger M, Lindahl A. Chondrogenic differentiation potential of osteoar-
thritic chondrocytes and their possible use in matrix-associated autologous chondrocyte transplanta-
tion. Arthritis Res Ther. 2009; 11:R133. doi: 10.1186/ar2800 PMID: 19723327
59. Caron MM, Emans PJ, Coolsen MM, Voss L, Surtel DA, Cremers A, et al. Redifferentiation of dediffer-
entiated human articular chondrocytes: comparison of 2D and 3D cultures. Osteoarthritis Cartilage.
2012; 20:1170–1178. doi: 10.1016/j.joca.2012.06.016 PMID: 22796508
60. Tan GK, Dinnes DL, Myers PT, Cooper-White JJ. Effects of biomimetic surfaces and oxygen tension on
redifferentiation of passaged human fibrochondrocytes in 2D and 3D cultures. Biomaterials. 2011;
32:5600–5614. doi: 10.1016/j.biomaterials.2011.04.033 PMID: 21592565
61. Schrobback K, Klein TJ, Crawford R, Upton Z, Malda J, Leavesley DI. Effects of oxygen and culture
system on in vitro propagation and redifferentiation of osteoarthritic human articular chondrocytes. Cell
Tissue Res. 2012; 347:649–663. doi: 10.1007/s00441-011-1193-7 PMID: 21638206
62. Babur BK, Ghanavi P, Levett P, Lott WB, Klein T, Cooper-White JJ, et al. The interplay between chon-
drocyte redifferentiation pellet size and oxygen concentration. PLoS One. 2013; 8:e58865. doi: 10.
1371/journal.pone.0058865 PMID: 23554943
Culture Temperatures and Systems Affect Chondrocyte mRNA
PLOSONE | DOI:10.1371/journal.pone.0128082 May 26, 2015 14 / 14
